The cart-type friction measurement device developed by the authors facilitates measurement of both the static coefficient of friction (SCOF) and the dynamic coefficient of friction (DCOF) between the shoe and the floor simultaneously, as well as measurement with variation in sliding velocity. However, whether slip-resistance evaluation using this cart-type friction measurement device corresponds to the actual slip and fall risks is unclear. To investigate the validity of evaluation of slip resistance between the shoe and the floor by using the SCOF and DCOF values measured with a cart-type friction measurement device, we aimed to investigate the relationship between the slip angle in a ramp test and the coefficient of friction (COF) values between the test safety shoe and the 10 test floor sheets contaminated with a glycerol solution. The results indicate that the SCOF values and the DCOF values corresponding to sliding velocity lower than 0.3 m/s are highly correlated with the slip angle in the ramp test, which suggests that the cart-type friction measurement device can simulate the slip between the shoe and the floor in the ramp test under such sliding velocity conditions. Because the ramp test has been used widely to assess the slip resistance of floors and because the slip angle is highly correlated to the risk of slip-induced falls during level walking, the results suggest that the cart-type friction measurement device is valid and effective for assessing the slip resistance between the shoe and the floor. This study provides new information about the evaluation of slip resistance and indicates that the cart-type friction measurement device will contribute toward the prevention of slip-induced fall accidents.
Introduction
The majority of falling accidents are caused by slips (Courtney et al., 2001 , Koepp et al., 2015 . Most slip and fall accidents in the workplace (DTI, 1997 , Keall et al., 2015 and at home (Courtney et al., 2001 , Koepp et al., 2015 occur on wet floors. Thus, floor sheets and shoes that offer high slip resistance, even when they are contaminated with water or oil, are required. The coefficient of friction (COF) is often used to evaluate the slip resistance of floor sheets and footwear outsole , Yamaguchi et al., 2012 . While walking, slip initiation is related to the static coefficient of friction (SCOF), and slip continuity is related to the dynamic coefficient of friction (DCOF). Therefore, high values of both the SCOF and the DCOF are needed to prevent slip initiation and to stop further slipping Yamaguchi, Yamada, Warita, Shibata, Ohnishi, Sugama, Hinoshita, Sakauchi, Matsukawa and Hokkirigawa, Journal of Biomechanical Science and Engineering, Vol.13, No.1 (2018) [DOI: 10.1299/jbse.17-00389] (Yamaguchi et al., 2012) . Conventional friction measurement devices for assessing the slip resistance of footwear and floor are classified into two types, namely, field-based (portable) (ASTM F609-96, 2001 , ASTM F1678-96, 2001 , Grönqvist et al., 2000 , ASTM F1677-96, 2001 ) and laboratory-based (Stevenson et al., 1989 , Stevenson, 1997 , Tisserand et al., 1997 , ASTM D2047-99, 2001 ). Although these devices appear to be valid and reliable for assessing the slip resistance of shoe and the floor, their validity could be improved by considering the range of actual slipping conditions during walking such as contact pressure and sliding speed at the shoe-floor interface . Shibata et al. (2016) developed a cart-type friction measurement device considering factors such as portability, normal load, and sliding velocity conditions comparable to those in actual walking scenarios. The device allows for measurement of both the SCOF and the DCOF simultaneously and measurement with variation in the sliding velocity. However, it remains unclear whether the slip resistance evaluated using this cart-type friction measurement device corresponds to the actual slip and fall risks.
The ramp test is used widely as a method to determine the slip resistance of floors (DIN 51097, 1992 , DIN 51130, 1992 . In the ramp test, when a subject is ascending or descending a ramp, the ramp angle is increased gradually until slip occurs, and the ramp angle at which slip occurs (slip angle) is used as an index of slip resistance (i.e., higher slip angle corresponds to higher slip resistance). Nagata et al. (2009) indicated that the ramp test is the most reliable method for determining an index of the risk of a fall on a slippery level surface because the ramp angle associated with slip occurrence is highly correlated to the risk of the slip-induced falls while walking on a level wet floor. However, the ramp test requires participants to walk on the ramp, is time-consuming, and is impractical for purposes such as evaluating the slip resistance of floor and road surfaces on-site. If the COF values between the shoe and the floor measured with a cart-type friction measurement device indicate high correlation with the slip angle in the ramp test, the validity and reliability of slip-resistance measurement using the cart-type friction measurement device could be demonstrated.
Based on the background mentioned above, in this study, we conduct a ramp test and COF (SCOF and DCOF) measurement of several types of floor sheets contaminated with a glycerol solution. In addition, we investigate the relationship between the slip angle in the ramp test and the COF values measured using the cart-type friction measurement device.
Methods

Materials
A commercially available safety shoe with a polyurethane foam outsole (RT712, Midori Anzen Co., Ltd., Japan) was used as the test shoe (Fig. 1) . The length of the shoe was 26.5 cm (US size 8.5). The durometer hardness of the shoe sole was A55, and the surface roughness Ra of the tread block was 1.5 m. Ten types of floor sheets made of polyvinyl chloride (PVC) with different surface patterns and additives were used as the test floors. Figure 2 shows photos and cross-sectional profiles of the test floors. The arrow in Fig. 2 is the sliding direction in the COF measurement test and the gait direction in the ramp test. Table 1 shows the material composition and durometer hardness of each floor specimen. Floor sheets A, B, and C have the same tread pattern, but different included additives. In floor B, a plasticizer is employed to reduce hardness. In floor C, in addition to a plasticizer, TiO 2 Yamaguchi, Yamada, Warita, Shibata, Ohnishi, Sugama, Hinoshita, Sakauchi, Matsukawa and Hokkirigawa, Journal of Biomechanical Science and Engineering, Vol.13, No.1 (2018) [DOI: 10.1299/jbse.17-00389] particles (particle diameter: 30 ± 10 m) are added. Floor sheets D, E, and F are commercially available PVC floor sheets. Floor sheets G, H, and I are PVC floor sheets with square (10 mm × 10 mm) convex portions measuring 1 mm in height. The area ratios of the convex portion with respect to the floor sheet surface area for floor sheets G, H, and I are 10%, 50%, and 90%, respectively. In floor sheet J, triangular prism PVC blocks with a height of 1 mm are arranged alternately in the orthogonal direction. 
COF measurement 2.2.1 Experimental apparatus
A cart-type friction measurement device (Shibata et al., 2016) was used for measuring the SCOF and the DCOF values between the test shoe and the floor sheet samples (Fig. 3) . The cart-type friction measurement device was pushed by the experimenter on the floor surface. The tested footwear was attached to a mechanical foot, and a normal load was applied using weights. The test shoe was connected to a load cell, which measured the drag force through the shaft and chassis. An accelerometer attached to the horizontal chassis measured the horizontal acceleration acting on the shoe. The force and acceleration data collected from the load cell and accelerometer, respectively, were recorded on a logger in the control box. As the experimenter pushed the cart and the shoe was dragged on the floor surface (Fig. 4) , variation in the sliding velocity of the shoe was inevitable. Therefore, the horizontal acceleration acting on the shoe during dragging was measured using the accelerometer mounted on the chassis so that the inertia force acting on the shoe could be compensated for with respect to the drag force measured using the load cell. The COF between the shoe and the floor surface was calculated using the following formula:
where f h and f n are friction force and normal load applied at the shoe-floor interface, respectively; F is the drag force measured using a load cell; m is the mass of the mechanical foot, test shoe, and weights; a h is the horizontal acceleration of the shoe measured using an accelerometer; and g is the gravitational acceleration. The capacity of the load cell was 490 N. The range of acceleration and the frequency response of the accelerometer were −6 to 6 G and 0 to 1500 Hz, respectively.
(a) (b) Fig. 3 (a) Cart-type friction measurement device for measuring SCOF and DCOF of the shoe-floor interface and (b) schematic diagram of configuration of mechanical system (cross-sectional view).
(a) (b) Fig. 4 Experimental set up for COF measurement: (a) overview; (b) part where the test shoe is attached.
Yamaguchi, Yamada, Warita, Shibata, Ohnishi, Sugama, Hinoshita, Sakauchi, Matsukawa and Hokkirigawa, Journal of Biomechanical Science and Engineering, Vol.13, No.1 (2018) [DOI: 10.1299/jbse.17-00389] Figure 4 shows the experimental set-up for COF measurement. The test shoe was dragged using the cart-type friction measurement device on each floor sheet. The floor was covered with 100 gf glycerol solution (glycerin concentration: 90 wt.%; viscosity: 0.2 Pa·s at 20°C; Wako Pure Chemical Industries, Ltd., Osaka, Japan) by using a spatula to ensure even distribution of the solution before every test. The normal load was 514.5 N, which included the load of the weights (500 N), shaft, mechanical foot, and the test shoe. The cart was pushed, and the test footwear was dragged over 1.0 m in approximately 2 s. The experimenter (22 year old male; height: 1.67 m; weight: 56 kgf) was asked to start dragging the shoe within 3 s after the weights were placed. The test was performed three times under identical conditions at a temperature of 20 ± 2 °C and relative humidity of 40 ± 5%. The sampling frequency of the drag force measured with the load cell and in terms of the shoe acceleration was 1 kHz.
Experimental conditions
Data analysis
The drag force and acceleration data were low-pass-filtered (10 Hz). Then, COF was calculated using Eq. (1). The sliding velocity of the test v in the kth frame was calculated by numerically integrating the acceleration as follows:
where i is the frame number and t is the sampling rate. Snapshot of ramp test Vol.13, No.1 (2018) [DOI: 10.1299/jbse.17-00389]
Ramp test 2.3.1 Participants
The study included six healthy male adults with the mean ± standard deviation of age, height, and body weight of 31.7 ± 7.3 years, 1.70 ± 0.06 m, and 69.0 ± 8.4 kgf, respectively. The participants were informed of the protocol, and they provided informed consent before the experiment. As a safety consideration for conducting the experiment, participants were asked to wear harness-type safety belts attached to a rope that was fixed to a rail suspended from the ceiling.
Experimental procedure
As shown in Fig. 6 , one end of a stainless-steel plate (1.0 × 0.5 m 2 ) was fixed on the floor and the other end was connected to a hydraulic crane via metal wires. With the crane, one end of the stainless-steel plate was lifted, and the inclination angle of the ramp was increased at a constant rate. Each floor sheet was affixed on the stainless-steel plate with an adhesive tape. 90 wt.% glycerol solution (700 gf/m 2 ) was applied on the floor sheet surface using a spatula before lifting. The participants wore the test shoes, a helmet, and a safety harness designed to prevent impact with the floor without otherwise restricting their movement. The length of the test shoes was 26.5 cm (US size 8.5). Then, participants were asked to step forward and backward with a step length of 0.13 m, corresponding to half the size of the shoe (DIN 51097, 1992 ) at a cadence of 140 steps/min according to the rhythm of a metronome. The inclination angle of the ramp was increased at a constant rate, and the crane was stopped when the participant declared that he slipped. Then, at that inclination angle, the participant was asked again to step forward and backward to ensure if it is the slip angle. When slip occurred again at that angle, it was determined to be the slip angle and was used as an index of slip resistance. When slip did not occur at that inclination angle, the angle of the ramp was increased until slip occurred. Three replications of the trial per participant were carried out for each floor sheet.
Statistical analysis
A bivariate regression analysis between the SCOF or DCOF values obtained from the cart-type friction measurement device and the slip angle in the ramp test was performed to check whether these values are correlated. The significance level was set to p = 0.05. Figure 7 shows the mean SCOF values (Fig. 7(a) ) and the mean DCOF values as a function of sliding velocity (Fig.  7(b) ) for each floor sheet. As shown in Fig. 7(a) , the SCOF values differed among floor sheets and ranged from 0.27 (floor sheet F) to 0.83 (floor sheet J). As shown in Fig. 7(b) , the DCOF values of floor sheets G, H, I, and J tended to decrease with increasing sliding velocity, whereas those of floor sheets A, B, C, D, E, and F were less affected by the sliding velocity. Irrespective of the sliding velocity conditions, floor sheet J exhibited the highest DCOF values (0.46-0.84), while floor sheet F showed the lowest DCOF values (0.14-0.27). Therefore, the slip resistance of floor sheet J was the highest and that of floor sheet F was the lowest in terms of the SCOF and DCOF values measured using the cart-type friction measurement device. Floor sheet J had triangular prism blocks on its surface; these would penetrate into the mating shoe tread block because the floor sheet (HS: A74) was harder than the mating shoe sole (Hs: A55). Therefore, the triangular prism blocks possibly increased ploughing friction even when lubricated with the glycerol solution. By contrast, floor sheet F had grooves through which the glycerol solution was channeled away from the contact interface between the shoe tread block surface and the surface of the convex portion of the floor; however, the edges of the convex portions were rounded, not right edges, and they allowed the glycerol solution to penetrate into the contact area. In addition, this floor sheet did not contain hard particles, which increased ploughing friction. Therefore, floor sheet F indicated the lowest COF value among the tested floor sheet samples. Note that investigation of the frictional property of each floor sheet, as well as the mechanism of low and high friction of the shoe-floor combination, is outside the scope of this study. Vol.13, No.1 (2018) Figure 8 shows the mean slip angle in the ramp test for each floor sheet. The error bars denote standard deviation. The mean slip angles were different among floor sheets, ranging from 8.0 degrees (floor sheet F) to 28.2 degrees (floor sheet J). Thus, the slip resistance of floor sheet J was the highest and that of floor sheet F was the lowest in terms of the slip angle in the ramp test. This trend was similar to that of the SCOF and DCOF values measured using the cart-type friction measurement device.
Results and discussion 3.1 SCOF and DCOF values for each floor sheet
Yamaguchi
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Slip angle in ramp test for each floor sheet
Comparison of slip resistance assessed by COF values and slip angle
In this section, we compare the slip angle in the ramp test and COF values measured with the cart-type friction measurement device to investigate the validity of using the cart-type friction measurement device to evaluate slip resistance between the shoe and the floor. Figure 9 shows the relationship between SCOF values and slip angles for each floor sheet. As can be seen in the figure, the SCOF values and the slip angle share a strong positive correlation (R = 0.96, p < 0.05). Figure 10 shows the relationship between DCOF values of v = 0.2, 0.4, and 0.6 m/s and the slip angles for each floor sheet. As can be seen in the figure, under each sliding velocity condition, the DCOF values and the slip angles were correlated positively to each other with R ≧ 0.8 (p < 0.05). Particularly, when the sliding velocity was 0.2 m/s (Fig. 10 (a) ), the R value Yamaguchi, Yamada, Warita, Shibata, Ohnishi, Sugama, Hinoshita, Sakauchi, Matsukawa and Hokkirigawa, Journal of Biomechanical Science and Engineering, Vol.13, No.1 (2018) Yamaguchi, Yamada, Warita, Shibata, Ohnishi, Sugama, Hinoshita, Sakauchi, Matsukawa and Hokkirigawa, Journal of Biomechanical Science and Engineering, Vol.13, No.1 (2018) [DOI: 10.1299/jbse.17-00389] Figure 11 shows the R value between the slip angle and the COF values as a function of sliding velocity. In this figure, the COF value at v = 0 m/s indicates the R value of the SCOF values and the slip angles. As shown in Fig. 11 , the R values at v ≦ 0.3 m/s are greater than 0.9 (p < 0.05) and are higher than those at v ≧ 0.4 m/s. This indicates that sliding velocities lower than 0.3 m/s would be more appropriate for evaluating slip resistance using the cart-type friction measurement device; thus, under this sliding velocity condition, the cart-type friction measurement device simulates the sliding friction between the shoe and the floor sheet in the ramp test. Nagata et al. (2009) investigated the relationship between slip-induced fall risk on a level wet floor and the slip angle in the ramp test. They reported that the fall risk is almost zero when the slip angle in the ramp test is greater than 15°. For example, as shown in Figs. 9 and 10(a) , the SCOF values and the DCOF values at v = 0.2 m/s are greater than 0.4 when the slip angle is higher than 15°. Therefore, the shoe-floor combination with both SCOF values and DCOF values at v = 0.2 m/s greater than 0.4 would be effective in preventing slip-induced falls during level walking. Among the floor sheets used in this study, floor sheet J had SCOF values and DCOF values at v = 0.2 m/s greater than 0.6, which corresponds to slip angles higher than 28°; thus, this floor sheet was assessed to be highly slip-resistant even when it is wetted with an oil.
A limitation of this study was that the number of participants in the ramp test was small (n = 6), and only male subjects were tested. In the future, we must perform the ramp test with a greater number of participants, including females. Only one type of shoe was used for the COF measurement and ramp test, which may limit our results. However, the results of the current study suggest that the cart-type friction measurement device is effective in assessing the slip resistance of the shoe-floor interface.
Fig. 11
Correlation coefficient between slip angle and COF values as a function of sliding velocity.
Conclusions
In the current study, to verify the validity of evaluating the slip resistance of the shoe-floor interface by using the SCOF and DCOF values measured with a cart-type friction measurement device, we performed a ramp test and measured the COFs (SCOF and DCOF) of several types of floor sheets contaminated with a glycerol solution, and investigated the relationship between slip angle in the ramp test and the COF values. The results indicated that the SCOF values and DCOF values at sliding velocities lower than 0.3 m/s were positively correlated with the slip angle in the ramp test, R > 0.9. Under this sliding velocity condition, the cart-type friction measurement device can simulate the slip between the shoe and the floor in the ramp test. Because the ramp test has been used widely to evaluate the slip resistance of floors and because the slip angle is highly correlated to the risk of slip-induced falls during level walking, the results suggest that the cart-type friction measurement device is effective for slip-resistance assessment of the shoefloor interface. This study provides new information about slip-resistance evaluation and indicates that the cart-type friction measurement device will contribute to preventing slippage and fall accidents.
